The nuclear-encoded Chl a/b and Chl a/c antenna proteins of photosynthetic eukaryotes are part of an extended family of proteins that also includes the early light-induced proteins (ELIPs) and the 22 kDa intrinsic protein of PS II (encoded by psbS gene). All members of this family have three transmembrane helices except for the psbS protbin, which has four. The amino acid sequences of these proteins are compared and related to the three-dimensional structure of pea LHCII Type I (K~hlbrandt and Wang, Nature 350: 130-134, 1991). The similarity of psbS to the three-helix members of the family suggests that the latter arose from a four-helix ancestor that lost its C-terminal helix by deletion. Strong internal similarity between the two halves of the psbS protein suggests that it in turn arose as the result of the duplication of a gene encoding a two-helix protein. Since psbS is reported to be present in at least one cyanobacterium, the ancestral four-helix protein may have been present prior to the endosymbiotic event or events that gave rise to the photosynthetic eukaryotes. The Chl a/b and Chl a/c antenna proteins, and the immunologically-related proteins in the rhodophytes may have had a common ancestor which was present in the early photosynthetic eukaryotes, and predated their division into rhodophyte, chromophyte and chlorophyte lineages. The LHC I-LHC II divergence probably occurred before the separation of higher plants from chlorophyte algae and euglenophytes, and the different Types of LHC I and LHC II proteins arose prior to the separation of angiosperms and gymnosperms.
Introduction
The Chl a/b-binding proteins (CABs) of higher plant light-harvesting complexes are part of an extended family of proteins .
This family includes the fucoxanthin-Chl a/c antenna proteins (FCPs) of chromophyte algae, and the Early Light-Induced Proteins (ELIPs) of higher plants. Hydropathy plots of all family members predict three trans-membrane helices (TMHs). All the proteins share two highly conserved regions comprising the first and third TMHs and the stroma-exposed, high beta-turn regions preceding them. The two conserved regions share considerable sequence similarity, indicating that they arose as a result of a gene duplication (Hoffmann et al. 1987, Pichersky and Green 1990) .
The three-dimensional structure of pea LHC II Type I has been determined at 6 A resolution (Kiihlbrandt and Wang 1991) , and analysis of 3 A data is in progress (Ktihlbrandt and Wang 1992) . The 6,~ structure showed that the Chlprotein does have the three TMHs predicted from hydropathy plots. The two conserved helices cross each other at an angle of about 56 ° (31 ° and 25 ° from membrane normal) and project somewhat above the plane of the membrane, while the middle helix is shorter and almost perpendicular to the membrane plane. The conserved beta-turn regions appear as curving arms on the surface of the membrane. Thirteen or fourteen Chl molecules are bound in two layers around and between the helices, with their rings oriented approximately perpendicular to the membrane plane. Because of the high degree of sequence conservation in the family, it is reasonable to conclude that all its members will have the same overall fold (Green et al. 1992a) .
We have recently isolated a cDNA clone for psbS, the gene encoding the 22 kDa intrinsic protein of PS II, which does not bind detectable amounts of Chl (Kim et al. 1992) . Sequence comparisons show that it is also a member of the CAB family. However, this protein has four, rather than three TMHs. The third helix is related to the first helix, as in the CABs, and the fourth helix is related to the second helix. In other words, the protein appears to be the result of the duplication of a gene encoding a two-helix protein. This suggests that the entire family of three-helix proteins may have arisen from a twohelix protein that was duplicated to give a fourhelix protein, and subsequent loss of most of the fourth TMH. In this paper, we will first compare the amino acid sequences of the extant threehelix members of this family (the CABs, FCPs and ELIPs) and then discuss the evolutionary implications of the psbS sequence.
fication of the amino acid groupings defined by Taylor (1986) : specifically FILMV (aliphatic nonpolar), FYW (aromatic), AG (tiny). Also considered as similar were DE (acidic), ND and QE (acid and amide), ST (hydroxylated) and HNQ (known or possible Chl ligands). Structure prediction (Green 1990) was done using several different hydropathy scales, two window sizes, the beta-turn scales of Wilmot and Thornton (1988) and the helix-end propensities of Richardson and Richardson (1988) The first and third membrane-spanning helices were extended on the N-terminal (stromal) side using alpha-helical propensities derived from soluble proteins (Chou and Fasman 1974) because the electron diffraction structure showed the helices projecting about 8 ,~ (2-3 turns) above the non-polar core of the bilayer (Kiihlbrandt and Wang 1992) . We found that standard multiple alignment programs (Doolittle, Eugene package or Pileup in Wisconsin GCG package) could not cope with the very different lengths of the middle sections of the CAB proteins and could not recognize the characteristic pattern of conserved residues in the C-terminal half of the second TMH which is very evident on visual examination. This motif was recognized by the program MACAW (Schuler et al. 1991) , in which blocks of sequence having significant similarity are aligned. MACAW was used to test the visual alignment and to improve it in several sections (e.g. Nterminal region) where there was little obvious similarity.
Methods used in gene cloning and sequencing, and the identification of genes with the proteins they encode are given in our published work (refs. in Green et al. 1992b) .
Results

Materials and methods
The CAB (Chl a/b) protein family of tomato All members of this extended family share enough sequence similarity so that most of the alignment can be done manually, taking care to superimpose equivalent secondary structures where possible and to keep gaps to a minimum. Similar amino acids were defined using a modiHigher plants have four Chl a/b protein complexes: LHC I which is associated with PS I, and LHC II, CP 29/CP 26 and CP 24 associated primarily with PS II. These complexes have four, three, two and one unique polypeptide types, respectively . Genes of the same type encode almost identical amino acid sequences and have the same number and position of introns (Chitnis and Thornber 1988) . We have cloned and sequenced all but one of the members of this diverse family of Chl a/b-proteins in tomato, and linked many of the genes to the polypeptides they encode by tryptic peptide sequencing (Green et al. 1992b , Pichersky et al. 1989 , Schwartz and Pichersky 1990 , Schwartz et al. 1991 .
The availability of this array of sequences ( Fig.  1 ) allows us to draw some general conclusions about the CAB proteins and to relate them to the three-dimensional structure of pea LHC II Type I (Kiihlbrandt and Wang 1992) . In Fig. 1 the deduced protein sequences of the four LHC I polypeptide Types are given first, followed by the three LHCII Types, CP29 Type I (also called CP 26 or CP 27) and CP 24. In most of the figures in this paper, the sequences are broken up into four blocks for reasons of space: they will be referred to as the N-terminal region, the first conserved region, the middle region, and the second conserved region. The diagram below shows the relationship between the four regions and the secondary structure elements. The insert indicates the overall topology of the molecule. The first and third TMHs are predicted to include a number of polar residues at the Nterminal end because the 6 ,~ structure showed that these helices were 31-33 amino acids long and projected above the membrane plane (K/ihlbrandt and Wang 1992) . Figure 1 shows the high degree of sequence similarity in the two conserved regions of all the tomato CABs. The relatedness of the two conserved regions to each other (Hoffmann et al. 1987) can be seen by comparing the starred residues in both regions. The high degree of sequence conservation starts N-terminal to the first and third TMH, where the sequence has a high beta-turn probability (Wilmot and Thornton 1988 ) and corresponds to two curving 'arms' on the surface of the protein (K/Jhlbrandt and Wang 1992). In these arms there are a number of highly conserved or conservatNely substituted motifs, especially the FDPLGL motif (F replaced by W or Y in several cases). There are also conserved G, P, D and L residues. At other positions the character of the side-chain is 151 conserved, e.g. A or G (tiny), I, L, M, V or F (aliphatic hydrophobic), F, Y or W (aromatic) (Taylor 1986 ).
In the first and third TMHs there are a number of strikingly conserved residues (stars) which are also conserved in other sections of the extended family. Both helices have a His (H) or Asn (N) followed by a small amino acid (Gly (G), Ala (A) or Cys (C)), then an absolutely conserved Arg (R). They are followed by W/ FAML or LAML/F motifs. In the first TMH there are two highly conserved Glu (E), one of which is replaced by Gin (Q) in CP 24 apoprotein. The analogous positions in the third TMH are occupied by E and Q (E in CP 24). A helical wheel plot (Schiffer and Edmundson 1967) showed that the sidechains of the E-E or E-Q pairs project on the same side of the helix (data not shown). H, N and Q are known to be capable of forming ligands to the Mg atom of Chl from studies on the purple bacterial reaction centre (Coleman and Youvan 1990) . Since E and Q seem to be interchangeable in these positions, it is conceivable that the glutamate carbonyl is also a Chl fifth tigand; alternatively it could be H-bonding to one of the polar substituents on the Chl ring. However, since the E-E and E-Q pairs are found in all members of the extended family, even those that do not bind Chl (see below), they could perform some vital function in assembly or membrane insertion.
The last highly conserved segment is just Cterminal to the third TMH, outside the hydrophobic region. It is predicted to be an amphipathic alpha-helix . There is a moment of conservation as well as a hydrophobic moment, and the two moments are orthogonal (data not shown). This implies that the most highly conserved residues are at the interface between the polar and non-polar milieus. Among them are several potential Chl ligands: H, N and possibly E or D. It may be significant that this 'tail' is missing in the apoprotein of the notoriously unstable CP 24 complex, which also has a very low Chl a/b ratio (Dunahay and Staehelin 1986) .
Much of the differentiation among CAB proteins appears to reside in the central helix and its flanking regions (Schwartz et al. 1991 , Green et al. 1992a ). This region was first aligned by superimposing hydropathy plots and helix end gram MACAW (Schuler et al. 1991 ) also recogpredictions (Green 1990 ). This brought to our nized this region as having significant similarity. attention that in all the CABS there are two Three of the LHC I proteins have considerably conserved E or E/Q residues, and a conserved R longer connectors between the second and third that probably acts as a stop-transfer signal at the 'helices than do LHC II and CP29 Type I. end of the helix. The multiple alignment proConversely, the latter have longer connectors between the first and second helices. However, the differences in molecular weights of the mature proteins are mainly the result of the lengths of the mature N-terminal region. Although CP24 would be expected to be more like LHCII, its connectors are more like those of LHC I. All the flanking connectors are highly polar, suggesting they form surface-exposed loops. This in turn suggests that they are likely to be responsible for the specific interactions with other proteins that determine in which photosystem and in which position within a photosystem complex the protein will be located (Schwartz et al. 1991) .
In the N-terminal region, there is little overall conservation. The LHC II's and CP 29 Type I share a WYGPDR motif; LHCI's a WFPG concensus (boxes). The transit peptide cleavage sites, where determined for the same protein type in tomato or other species, are marked with arrow-heads (references in Schwartz et al. 1991 ). They do not appear to have the transit peptide cleavage motif deduced from a number of nuclear-encoded chloroplast proteins by Gavel and von Heijne (1990) , except for the occurrence of a single R five or six residues N-terminal to the cleavage site.
From the beginning of the first conserved region to the end of the second (excluding the last 12 amino acids) the three LHC II Types are 78% identical and 87% similar. In this core region, CP 29 has 58% identity and 70% similarity with at least two of the LHC II's. In the first conserved region, the four LHC I Types are 35% 153 identical (54% similar) to each other, but in the second conserved region they are 46% identical (61% similar). Because the connectors on either side of the second TMH are of different lengths, it is difficult to make a quantitative estimate of LHC I similarity in the middle region. In comparing each of these proteins to LHC II Type I, it can be calculated (Chothia and Lesk 1986 ) that the molecular cores will have the same overall fold within 0.8-1.2 ,~ rms deviation (Green et al. 1992a) . This means that they will all have very similar three-dimensional structures and that most conclusions drawn from the pea Chl-protein electron diffraction studies will be valid for the other members of the CAB family.
It should be pointed out that the names used here for the tomato CAB proteins and their complexes are not the only ones in general use (cf. Bassi et al. 1990 , Thornber et al. 1991 . Fortunately, most of the groups publishing in the field have agreed on a standardized gene nomenclature, which is summarized in Table 1 (Jansson et al. 1992) . That publication includes a useful table showing equivalent names for proteins and Chl-protein complexes in various systems, and another giving old and new names of all the published higher plant CAB genes.
Sequence comparisons: Higher plant and green algal CABs
In general, there is very little difference between proteins of a given Type from different higher plant species. A large compendium of angio- a In some 'green gel' systems, the Lhcb5 gene product is found in a 'CP 26' complex, and the 'CP 29' complex (e.g. Bassi et al. 1990 ). b Green and Pichersky (1993) .
Lhcb4 is found in a redefined sperm LHCII Type I and II sequences was published several years ago (Chitnis and Thornber 1988 from tomato and spinach (refs. in Jansson et al. 1992 , Boivin et al. 1993 . A number of CAB genes have been cloned and sequenced from the gymnosperm Pinus sylvestris Gustafsson 1990, 1991) . In comparing angiosperms and gymnosperms, the protein sequences of the same type were found to be > 90% identical within the mature protein, with most of the substitutions in the N-terminal coding region. This implies that the different Types originated prior to the divergence of the angiosperms and gymnosperms (Jansson and Gustafsson 1991) . The sequences of a number of LHC II proteins cloned from lower plants and green algae are given in Fig. 2 along with the three tomato LHC II Types. A tripeptide motif at the end of the N-terminal region that appears to be distinctive for the three LHC II Types in higher plants (Jansson and Gustafsson 1991) is underlined. The fern ) and moss (Long et al. 1989 ) sequences appear somewhat more like LHC II Type I than Type II but no definite conclusions should be drawn until more sequences become available. It has been suggested that one of the defective LHC II genes isolated from fern was derived from an LHC II Type III (Boivin et al. 1993) .
Figure 2 also includes LHC II sequences from the green algae Chlamydomonas (Imbault et al. 1988 , Larouche et al. 1991 and Dunaliella (Long et al. 1989 , Laroche et al. 1990 ). The differences between the two Dunaliella sequences are not due to species differences but to the fact that different genes have been isolated (P. Falkowski, pers. comm.). It is impossible to assign them to any of the higher plant LHC II Types. However, their high degree of similarity to tomato LHC II sequences shows that they are definitely not CP29 or LHCI sequences. A typical LHC II sequence from Euglena gracilis is just slightly more different from tomato than are the green algal sequences, with the exception of the short N-terminal region (Muchhal and Schwartzbach 1992) . The euglenophytes are generally considered to be a separate line from the rest of the Chl a/b-containing green algae (chlorophytes) since they have three rather than two membranes surrounding the chloroplast (Gibbs 1978) and both LHC II and LHC I proteins are synthesized as polyprotein precursors that are cleaved to individual proteins after import into the chloroplast (Houlne and Schantz 1988, Muchhal and Schwartzbach 1992) . However, the most striking thing about all the higher plant and algal LHC II sequences is their high degree of similarity, in length as well as in sequence. They are much more closely related to each other than tomato LHC II sequences are to tomato LHC I sequences (compare boxes in Figs. 1 and 2 ). This suggests that the LHCI-LHCII divergence occurred before the divergence of the lines leading to the modern chlorophytes, euglenophytes and land plants.
The fucoxanthin-Chl a/c Proteins (FCPs)
The eukaryotic algae are divided into three main groups (Christensen 1989) on the basis of their pigment composition: the Chl b-containing chlorophytes, the Chl c-containing chromophytes, and the Rhodophytes (red algae) which do not have Chl b or Chl c but use phycobilisomes for light-harvesting like the ancestral cyanobacteria. Before any chromophyte protein or gene sequences were available, immunological crossreactivities between the fucoxanthin-Chl a/c (FCP) proteins of certain chromophytes and antisera raised to plant CAB proteins suggested that they had sequence similarities (Fawley et al. 1987 , Caron et al. 1988 , Hiller et al. 1988 ). The first complete gene sequences, obtained from the diatom Phaeodactylum (Grossman et al. 1990 ),
showed clearly that FCPs were relatives of the CAB family (Fig. 2) . With a combination of amino acid sequencing and PCR cloning, a family of at least four related but non-identical sequences have been obtained from the dinoflagellate Amphidinium (Hiller et al. 1993 ); one of them is shown in Fig. 2 and it is clearly related to the diatom sequence. In addition, several long peptide sequences have been obtained from the 1.55 Fig. 2 . Comparison of Chlorophyte LHCII and Chromophyte FCP Sequences. Boxed residues: identical or similar residues within Chl a/b or Chl a/c sequence comparisons; shaded residues: similar residues in both Chl a/b and Chl a/c sequences. Other symbols as in Fig. 1 . LHC II sequences are those of tomato (Fig. 1) ; Fern, Polysfichum munitum ); Moss, Physcomitrella patens (Long et al. 1989 ); Chl. rein., Chlarnydomonas reinhnrdtii (Imbault et al. 1988 ); Chl. moew., Chlamydomonas moewussii (Larouche et al. 1991) ; Dun. ter., DunaZiellu rertiolecta (Laroche et al. 1990 ); Dun. sal. Dunaliellu salina (Long et al. 1989 ); Euglena, E. gracilis (Muchhal and Schwartzbach 1992) ; Phaeod., Phaeodactylum tricornutum (Grossman et al. 1990 ); Amphid. Amphidinium carterae (Hiller et al. 1993 ); Pavlova, P. lutherii (Hiller et al. 1993) ; Olistho.,
Olisthodiscus
[ufeus a.k.a. Heterosigma carterue (Green et al. 1992a ); Cryptom., Cryptomonas sp. (Sidler et al. 1988). prymnesiophyte (haptophyte) Pavlova (Hiller et results) . The sequence from the cryptophyte al. 1993) and some shorter ones from the Cryptomonus (Sidler et al. 1988 ) could be raphidophyte Olisthodiscus luteus (Heterosigma aligned in spite of its short length because it has carterae) (Green et al. 1992a and unpublished the characteristic EVKNGRLAM motif.
In Fig. 2 , shading is restricted to residues identical or similar in both CABs and FCPs. The relationship is strongest in the helical part of the two conserved regions, with the conserved H/N, R, and pair of E or E/Q residues. The F/ WDPLGL motif is conserved in the first betaturn region. The FCPs have less similarity to the CABs at the ends of the two conserved regions. In the middle region, the first Q/E of the second TMH is conserved, but the helix-terminating EXXR motif is not. The connectors linking the middle helix to the two conserved regions are shorter in the FCPs than the CABs. In addition, the Phaeodactylum FCPs are shorter by about 25 amino acids at the C-terminus, and do not have the predicted small amphipathic helix. FCPs from a number of organisms have molecular weights in the 18-22 kDa range compared to 25-28 kDa for LHC II's of higher plants (Hiller et al. 1991) .
We have recently discovered that the red alga Porphyridium, which was not expected to have proteins of the CAB or FCP family since it has only Chl a, does have several polypeptides of 17-22 kDA that cross-react with both barley anti-LHC I and diatom anti-FCP antibodies (G. Wolfe, F.X. Cunningham, D. Durnford, B.R. Green, E. Gantt, in prep.) . Based on our immunological evidence, we predict that the rhodophyte 'Chl a/a' proteins have sequence similarity to the CABs and FCPs even though they bind only Chl a. These findings imply that the ancestor of the CABs and FCPs was present prior to the divergence of the eukaryotic algae into rhodo-, chromo-and chlorophyte divisions.
The ELIPs
The Early-Light-Induced Proteins (ELIPs) were first discovered as the products of a class of mRNA turned on very rapidly after etiolated seedlings were first exposed to light (Meyer and Kloppstech 1984) . In barley seedlings, ELIP mRNA levels peak 2-4h after the start of illumination, i.e. before detectable amounts of CAB mRNAs are present (Grimm et al. 1989 ). The ELIP proteins are located in the thylakoid and have a half-life of less than 8h. It has recently been discovered that ELIPs are not restricted to developing systems but are synthesized in response to high light stress in mature pea leaves (Adamska et al. 1992) and to dessication stress in Craterostigma (Bartels et al. 1992 ). In the green alga Dunaliella their synthesis is correlated with a massive increase in carotenoid production provoked by high light or sulfate starvation (Lers et al. 1991 , Levy et al. 1992 . It has therefore been proposed that the ELIPs may be involved in photoprotection of the photosynthetic apparatus, particularly during early development.
Like the CABs and FCPs, the ELIPs are predicted to have three TMH's (Fig. 3) . They share the pair of conserved E's (or E/Q) and the NGRBAMB motif (where B = FILV) in the first and third TMH's (shaded residues). However, there is no convincing similarity to the stromaexposed arms of the CAB conserved regions, although the comparable parts of the ELIP sequences are also predicted to be high in betaturns. The ELIPs have much shorter interhelical connectors and no C-terminal 'tail', accounting for their lower molecular weights of 13-18 kDa in higher plants (Grimm et al. 1989) . The ELIPs appear to be members of several related gene families (Grimm et al. 1989 , Levy et al. 1992 .
The ELIPs are not nearly as related to the CABs as the FCPs are, suggesting that the line leading to the ELIPs diverged from the line leading to the Chl a/b and Chl a/c antenna proteins before the emergence of the eukaryotic algal divisions. It is not known if ELIPs bind Chl or Chl precursors, as the proteins themselves have never been purified. (In the published studies, proteins were detected with antisera raised to recombinant proteins produced in E. coli or to synthetic peptides.) Since they have several conserved residues capable of being Chl ligands, they may be involved in Chl synthesis or in transferring Chl from its site of synthesis to the Chl proteins during thylakoid development. Alternatively, their connection with carotenoid biosynthesis in Dunaliella led to the suggestion they might be involved in the insertion of carotenoids into Chl-proteins (Lers et al. 1991) .
The 22 kDa protein of PS H (psbS)
The 22 kDa intrinsic membrane protein of PS II (the product of the psbS gene) is always found as Fig. 3 . Comparison of ELIPs with tomato CABS, starting with first conserved region. Bar., barley HV.58 (Grimm et al. 1989 ); Pea (Kolanus et al. 1987) ; Dun., Dunaliella sulina carotenoid-biogenesis related protein (Lers et al. 1991) ; Cra, Craferostigma dsp-22 (Bartels et al. 1992 ). Boxed residues: identical (shaded) or similar residues shared by ELIPs or by ELIPs and CAB S. -/ part of CAB sequence omitted. Stars: possible Chl-ligating residues conserved in both ELIPs and CAB S. Other symbols as in Fig. 1. part of PS II core particles but is not required for water-splitting activity (Ghanotakis et al. 1987) . It was also detected immunologically in a cyanobacterium (Nilsson et al. 1990) . When purified by ion-exchange chromatography it does not have any Chl associated with it (Ljungberg et al. 1986; Bowlby 1990 ). We were therefore surprised to find that antibodies raised to the Chl a/b complex CP 29 gave a weak positive reaction with the 22 kDa protein (Camm and Green 1989) . Conversely, antibodies raised to ion-exchange purified 22 kDa protein cross-reacted weakly with both CP 29 polypeptides (Green and Camm 1990) suggesting that the apparent relatedness was not an artefact.
When the psbS gene of spinach was cloned and sequenced (Kim et al. 1992 , Wedel et al. 1992 it was indeed found to be a member of the CAB family. However, the psbS protein has four TMHs rather than three! Figure 4 shows that the first three helices of the tomato psbS protein (M. Wallbraun, B.R. Green, B. Piechulla, E. Pichersky, in prep.) can be aligned with the three helices of tomato CAB proteins. The boxed residues are those that are similar to residues in any one of the CABS; shaded residues are identical. There are a number of shared residues in the first and third TMH's, including the R's and the pair of E's However, the potentially Chl-ligating H and N are noticeable by their absence, as are the E's and terminal R in the second TMH (indicated by daggers in the figure ). The exposed beta-turn domain in the first conserved region also appears to be missing, although it is possible that the last ten residues assigned to the N-terminal region, where they are aligned with CP 29, should actually be part of the beta-turn domain in the region below. There are a number of residues in the N-terminal region shared specifically by psbS and CP29 Type I, and in the middle region there are a few more matches between them than between psbS and any other CAB. However, since both of these proteins are N-terminally blocked, we do not know how many of these matches remain in the mature proteins.
The most striking thing about the psbS protein is the strong internal homology between the first two helices and the last two helices (Kim et al. 1992) . The similarity between the first and third helices of the CABS was noted several years ago (Hoffman et al. 1987) . However, the two halves of the 22 kDa protein are more related to each other than the comparable parts of the CABS are, and they have a higher degree of identity with each other than with the conserved regions of any of the CABS. Figure 5A compares the two conserved regions (first and third helices) in spinach psbS and in several tomato CABS. Figure 5B shows the high degree of similarity between the second and fourth TMH of psbS protein, and an attempt was made to align the C-terminal segment of CABS with their middle regions. There is a weak similarity in the case of CP 29 Type I, but it is not very convincing for the other two CABS. It is possible that the tail might represent a remnant of the connector between the first two helices.
Discussion
The internal duplication in psbS strongly suggests that the original four-helix ancestor arose from a two helix protein which underwent a tandem gene duplication (Fig. 6) . The similarity between the first three helices of the four-helix psbS protein and the CABS suggests that they had a common four-helix ancestor. The lines leading to the three-helix CABS, FCPs, and ELIPs then lost the C-terminal helix by deletion. The original ancestor might not necessarily have been binding Chl, but some of its descendants could have been recruited into this role at a later time.
It is tempting to speculate that the ancestral two helix protein of this family could have originated by fusion of two single-helix proteins, similar to the alpha and beta subunits of the purple bacterial light-harvesting antennas. A weak similarity between LHC I Type I and the bacterial beta subunit has been noted, but it is not found in the other CAB polypeptides (Hoffmann et al. 1987) . Both alpha and beta polypeptides have their N-terminus on the same side of the membrane (Zuber and Brunisholz 1991) , but it is possible to envisage mutational changes that would have made it possible to get a fusion protein to integrate properly into the membrane with its second helix effectively upside-down. It would be interesting to try to engineer such a protein in Rhodobacter sphaeroides.
If it is confirmed that the 22 kDa protein is found in cyanobacteria, then the origin of the CAB/FCP/ELIP/psbS extended family may have preceded the symbiotic event(s) giving rise to the modern chloroplast. This also would mean that proteins related to CABS and FCPs could be found in cyanobacteria. In fact, there are several oxygenic prokaryotes, the prochlorophytes, that do have Chl b and do not have phycobilins (Lewin 1976) . There is some discussion about whether they should be considered cyanobacteria that happen to have acquired Chl b and lost phycobilins or whether they are on a separate branch that is closer to the prokaryotic ancestor of the chloroplast than the other cyanobacteria (see Martin et al. 1992) . A number of Chl a/b proteins of 34-36 kDa have been resolved in Prochloron (Hiller and Larkum 1985) and Pro- chlorothrix (Bullerjahn et al. 1987) , but unfortunately we do not have any sequence information on them. In view of the higher molecular weight of these proteins compared to the CABs and FCPs, it will be interesting to see if they have three or four membrane-spanning helices.
The fact that proteins related to CABs and FCPs are present in a red alga that only has Chl a (see above) suggests that CAB/FCP relatives should not be restricted to prokaryotes with Chl b. Our model also suggests that two-helix proteins related to this family could be found in extant cyanobacteria, although it might be very difficult to detect them since their sequences could have diverged to the point where similarity can no longer be discerned.
The division of the eukaryotic algae into three major groups based on the presence or absence of Chl b and Chl c appears to agree with the majority of morphological, reproductive and biochemical characters (Christensen 1989) . However, chlorophylls a, b and the two major variants of Chl c (Chl c 1 and Chl c2) have only minor differences in ring substituents. The major difference between the Chl c's and the other two Chls is that the former has no phytol tail and has an additional double bond in ring D. It is believed that all the chlorophylls are synthesized from the common precursors Mg 2,4-divinylpheoporphyrin (divinyl protochlorophyllide) and monovinyl protochlorophyllide (Jeffrey 1990) . This suggests that it might not have been too difficult for members of a protein family to adapt to binding different types of chlorophyll.
In fact, every possible combination of lightharvesting pigments is found in at least one algal division (see Hiller et al. 1991 , Jeffrey 1990 . The eustigmatophytes have only Chl a; rhodophytes have Chl a and phycobilins. Chloro-and euglenophytes have Chl a and Chl b; the related micromonadophytes have Chl a, Chl b and Mg 2,4-divinylpheoporphyrin. All the Chl c-containing algae have Chl a and Chl c 2 but they may also have Chl c 1 and Chl c 3. Dinoflagellates have an additional antenna, the peridinen-Chl a protein complex. The cryptophytes have a Chl a/c antenna but also have phycobilins which are located in the lumen of the thylakoid and are not organized into phycobilisome structures, in contrast to rhodophytes and cyanobacteria. Assuming a monophyletic origin of the chloroplast in these lineages, this suggests that its prokaryotic ancestor had both phycobilins and a variety of Chl-binding antennas, and that its descendants subsequently lost the capacity to synthesize one or more of the possible light-harvesting pigments.
